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© Method and apparatus for measuring polarization mode dispersion In optical devices. 



© An instrument includes a polarized optical source for producing three sequential predetermined states of 
polarization of a light beam at each of at least two wavelengths, as well as an optical polarization meter for 
measuring the polarization of a portion of the light beam at each wavelength transmitted by or reflected from an 
optical network by splitting it into four beams, passing three of the beams through optical elements, measuring 
the transmitted intensity of all four beams, and calculating Stokes parameters. The three sequential predeter- 
mined states of polarization at each wavelength yield three corresponding Jones input vectors at each 
wavelength, and the Stokes parameters for the responses of the optical network are converted to three Jones 
output vectors at each wavelength. A Jones matrix for the optical network to within a complex constant is then 
computed from the Jones input and output vectors at each wavelength. Polarization mode dispersion in the 
optical network is determined from these matrices. 
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Background of the Invention 

This invention relates to the field of electronic instruments for measuring the polarization state of a 
beam of light and, more particularly, to such instruments that are capable of detecting effects on the 

5 polarization state of an incident light beam caused by an optical device under test (i.e., an optical system, 
subsystem, or component). Specifically, one embodiment of the invention provides a method and apparatus 
for impinging light beams having predetermined wavelengths and states of polarization on an optical device 
under test to ascertain a response characteristic of the optical device to different polarization states, thereby 
determining the polarization mode dispersion in the optical device. 

io Accurate characterization of optical devices is becoming increasingly important as optical devices 
become more complex and applications for optical devices proliferate, for example, in fiber optic tele- 
communications. One of the fundamental specifications of any optical device with an optical input and an 
optical output is polarization dispersion. Dispersion is a general term which denotes the tendency of an 
optical pulse to spread out in time as it propagates through an optical transmission medium. Several 

75 varieties of dispersion can be measured in optical fibers. For example, chromatic dispersion arises because 
different optical wavelengths travel at different velocities, so that a pulse comprising a finite spectrum of 
optical frequencies is gradually smeared out in time by propagation along an optical fiber. Similarly, 
polarization mode dispersion arises because different optical polarizations can travel at different velocities. 
Polarization mode dispersion can limit the available transmission bandwidth in fiber optic transmission links. 

20 Conventionally, one technique for measuring polarization mode dispersion involves a device resembling 

a Michelson interferometer, shown in Rg. 1 and in K. Mochizuki. Y. Namihira, and H. Wakabayashi, 
"Polarization mode dispersion measurements in long single mode fibers," Elect Lett, 17, 1981, pp. 153- 
154. Light from a source with a short coherence length is directed through an arrangement of mirrors, 
polarizers, and a beamsplitter which enables generation of a beam of light composed of two orthogonal 

25 polarizations which have experienced a variable relative time delay. These two polarizations are launched 
into the device under test so that they match the input principal states of polarization of the device. Light 
exiting the device is passed through a polarizer oriented midway between the output principal states of 
polarization and is then detected. Cross-correlation between the two orthogonal signals is thereby apparent 
from the level of visibility of optical fringes at the detector. Polarization mode dispersion in the device under 

30 test causes a shift in the delay corresponding to maximum visibility, and this time shift is r PMD . 

However, this technique has several disadvantages. The principal states of polarization must be known 
or found for this technique to work, but the apparatus does not lend itself to a search for the principal 
states. Moreover, the requirement of a short coherence length implies a broad spectrum. Many test devices 
of interest have principal states and t pmd which are strong functions of wavelength, and such devices simply 

35 cannot be measured using this technique because the required short coherence length of the optical source 
implies a wide spectrum. 

A second polarization mode dispersion measurement technique requires a tunable optical source and a ( 
polarimeter. The setups described in two references, N. S. Bergano, C. D. Poole, and R. E. Wagner, 
"Investigation of polarization dispersion in long lengths of single-mode fiber using multi longitudinal mode 

40 lasers," IEEE J. Lightwave Techno!., LT-5, 1987, pp. 1618-1622, and D. Andresciani, F. Curti, F. Matera, 
and B. Daino, "Measurement of the group-delay difference between the principal states of polarization on a 
low-birefringence terrestrial fiber cable," Optics Lett, 12, 1987, pp. 844-846, are reproduced in Figs. 2 and 
3, respectively. The output state of polarization is measured and displayed on a Poincare sphere. As the 
optical source is tuned over a range of frequencies, the output state of polarization traces out an arc on the 

45 sphere. Assuming that the principal states and t pmd are fairly constant over the frequency range, the 
principal states are located at the center of the arc and diametrically opposite, and t pmd = a/A«, where a is 
the arc between two output states of polarization separated by Aw, and a is measured about the axis joining 
the two principal states of polarization. 

This technique also suffers several disadvantages. Again, the principal states of polarization must be 

so found for this technique to work. Finding the principal states is time-consuming and very difficult to 
automate. If t pmd is small over a particular frequency interval, the arc traced out will be too small to indicate 
its center, making this technique unusable. 

A third technique for measuring polarization mode dispersion, described in C. D. Poole, "Measurement 
of polarization-mode dispersion in single-mode fibers with random mode coupling," Optics Lett, 14, 1989, 

55 pp. 523-525, involves an apparatus such as that reproduced in Rg. 4. In use, the photocurrent is measured 
as a function of the optical frequency selected by the monochrometer. Quoting from this reference, Poole 
shows that "if the [polarization] dispersion is both stationary and ergodic, the density of the extrema in the 
transmission spectrum is directly related to the ensemble average delay time" <t PM[ >>. Under these 

2 
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assumptions, the ensemble average delay time is given by 

(1) 

5 lim fj 

<X PMD > ~ ^ ' 

AG) Ad) 

where N is the number of extrema observed in the interval A&> in the photocurrent versus optical frequency 
io plot. 

This technique has the disadvantage that it is applicable only when the polarization mode dispersion is 
stationary and ergodic. These conditions are often satisfied when measuring polarization mode dispersion in 
a long single-mode optical fiber, but they are not generally satisfied for all devices or networks, for example, 
a pigtailed isolator or integrated-optic device. Nevertheless, even when the conditions are satisfied, this 
is technique does not indicate the principal states of polarization, and yields poor resolution in the measured 
value of <t pmd >. 

Finally, another known polarization mode dispersion measurement technique disclosed in C. D. Poole. 
N. S. Bergano, R. E. Wagner, and H. J. Schulte, "Polarization dispersion and principal states in a 147-km 
under-sea lightwave cable," IEEE J. Lightwave Techno/., LT-6, 1988, pp. 1185-1190, uses the apparatus 

20 shown in Fig. 5. Note that this apparatus is identical in function to that of the technique described in 
connection with Figs. 2 and 3 above, except that a polarization controller is inserted between the tunable 
source and the device under test, in this case a 147-km cable. In this context, a polarization controller is an 
arrangement of loops of single-mode optical fiber, which can be manually adjusted to change its 
polarization transformation, allowing the user to generate at the output of the loops any desired state of 

25 polarization within the constraint that the degree of polarization cannot be changed by the loops; See H. C. 
LeFevre. "Single-mode fibre fractional wave devices and polarization controllers." Elect. Lett. 16. 1980. pp. 
778-780. 

In use, the optical source is tuned to approximately measure the derivative dsi/da>, where Si is the 
normalized Stokes vector representing the state of polarization at the output of the device under test. The 
30 polarization controller is then adjusted to generate a new output state of polarization S2, and the optical 
source is retuned over exactly the same range to approximately measure dS2/d<*>. The desired characteris- 
tics of polarization mode dispersion can be derived from the vector q given by 



35 



(2) 



40 



ds i x dS 2 
do cfp 
cfs x 



The normalized Stokes vectors p representing the output principal states are given by p = ±q/|q|, and t pmd = 
45 |q|. 

However, this technique suffers the disadvantage that large errors in the calculation of q will occur when 
Si or S2 is near one of the output principal states, and also when the cross product in Equation (2) is small. 

Therefore, a method and apparatus for facilitating determination of polarization mode dispersion in an 
optical device under test to various polarization states of an incident light beam are needed so that the 
so response characteristic of the optical device to different polarization states can be assessed, for example, 
during the design of the optical device. Moreover, such a polarization mode dispersion determination 
desirably would be calibrated, accurate, and rapidly obtained, as well as convenient to perform. 

Summary of the Invention 



It is an object of this invention to provide an instrument that is capable of generating different states of 
polarization of a light beam and measuring the polarization states produced by the effect of an optical 
device under test on the beam to enable polarization mode dispersion in the optical device to be 
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45 



SO 



determined. 

Another object is to provide an instrument that determines such polarization mode dispersion over a 
substantial range of wavelengths. 

= th ♦ A f ° bj8Ct ° f *" invention is to P rovide an instrument for determining polarization mode dispersion 
5 that makes .t convenient to calibrate out the effects of unwanted dispersive elements in the measurement 
system. 

One embodiment of the present invention provides a method and apparatus for determining polarization 
mode dispersion ,n an optical device under test using a polarized optical source, which provides at least 
two optical wavelengths and at least three states of polarization at each wavelength, as well as an optical 
w polanzation meter. The method in accordance with one embodiment of the invention measures the 
responses of an optical device under test to a first incident light beam by providing a light beam having a 
first optical wavelength with three sequential polarization states, corresponding to three Jones input vectors 
impinging the first beam on the optical device, and measuring the state of polarization of the transmitted or 
reflected beam. Th.s state of polarization can be measured by splitting the transmitted or reflected beam 
is into four beams, passing three of the beams through optical elements, and measuring the intensities of all 
four beams by means of photodetectors. This process is then repeated with a second incident light beam 
having a second optical wavelength. The Stokes parameters are then calculated from the results of these 
measurements and converted to Jones output vectors. The Jones matrix for the optical device under test is 
then computed at each wavelength to within a complex constant. Thereafter, the relative polarization mode 
20 dispersion in the optical device under test can be determined from these matrices 

Preferably, an optical source is connected to a polarization synthesizer which is used to sequentially 
transform the state of polarization of each of the light beams having different wavelengths generated by the 
optical source to three known states of polarization, for example, horizontal. 60-degree. and 120-degree 
linear polanzation states. The three states of polarization need not be of the same intensity. The light beams 
produced by the polanzation synthesizer are fed to the optical device under test having unknown Jones 
7 ? ^H*?* We im P in 9 ed on *™ 0 Ptica' device under test, and the transmitted or reflected 
portion of each light beam is routed to the optical polarization meter which measures the state of 
polarization. The optical polarization meter need not measure optical power 

.«J h H °S Ca ' devic6 \ under test can be sit "ated ^ an open beam. Alternatively, connections can be 
effected with single-mode optical fiber. 

In the optical polarization meter, the received portion of the light beam is subdivided into four beams 
and processed by three sets of optical elements. One of the optical elements is a horizontal linear polarizer 
the second is a linear polarizer with a polarization direction oriented at a 45-degree angle about the optical 
axis relative to the first, and the third element is a circular polarizer. Measurement of the fourth beam 
provides a normahzmg factor proportional to the total incident intensity, that enables determination of all four 
Stokes parameters The received portion of each of the two light beams preferably enters the optical 
polanzation meter through a single-mode optical fiber that acts as a spatial filter which, together with other 
polar.zatirmeir COn ^ ro ^ a " 9nment of the received P ortion of the *W beam in the optical 

*»^£ re , e !rr n sequ f" tial inDut state * oi polarization produced by the polarization synthesizer for 
, 1 beams yield three Jones .input vectors for each light beam. The Stokes parameters for the 
? I 6 ° PtlCal d8V,Ce to each of tnree swntial polarization states of each light beam are 
converted to three corresponding Jones output vectors. The Jones matrix for the optical device under test 
in response to each light beam is then computed to within a complex constant from the Jones input and 
output vectors. Finally, polarization mode dispersion can be determined from these matrices for the optical 
aevice under test. 

Brief Description of the Dra wings 

The above and other features of the invention and the concomitant advantages will be better understood 
and appreciated by persons skilled in the field to which the invention pertains in view of the following 
descnption g,ven in conjunction with the accompanying drawings. In the drawings- 

Fig. 1 is a block diagram of a known apparatus for measuring polarization mode dispersion; 
ng. 2 is a block d.agram of another known apparatus for measuring polarization mode dispersion; 
i-ig. 3 is a block d.agram of yet another known apparatus similar to the apparatus shown in Fig 2 for 
measuring polarization mode dispersion; 

Fig. 4 is a block diagram of another known apparatus for measuring polarization mode dispersion; 
Fig. 5 is a block diagram of yet another known apparatus for measuring polarization mode dispersion; 
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Fig. 6 is a schematic diagram of an instrument for determining the polarization mode dispersion in an 
optical device under test in accordance with the invention based on transmission measurements; 
Fig. 7 is a schematic diagram in perspective view of an optical polarization meter incorporated into the 
instrument shown in Rg. 6, illustrating the optical path of the received portion of the light beam from an 
5 optical device under test; 

Rg. 8 is a flow chart of one embodiment of the method in accordance with the invention for determining 
polarization mode dispersion in an optical device under test; and 

Rg. 9 is a schematic diagram similar to Rg. 6, in which the instrument is configured for determining the 
polarization mode dispersion in an optical device under test in accordance with the invention based on 
10 reflection measurements. 

Detailed Description of the Preferred Embodiments 

One embodiment of an instrument for achieving calibrated, accurate, convenient polarization mode 

75 dispersion determinations in accordance with the invention, generally indicated by the numeral 8, is shown 
in Rg. 6. The instrument 8 comprises a polarized optical source 9 for feeding a light beam i to an optical 
device under test (DUT) 30, and an optical polarization meter 10 for receiving a portion of the light beam A I 
transmitted by the optical DUT. Actually, the polarized optical source 9 can comprise an optical source 40 
and a polarization synthesizer 50, as indicated by the dashed lines around these elements in Fig. 6. For 

20 example, the optical source 40 can be one or more solid-state lasers which generate light beams having 
different given wavelengths such as 1300 nanometers and 1302 nanometers. These wavelengths can be 
achieved using a tunable laser, for example, or, alternatively, a laser or other light source having a broad 
spectrum and a monochrometer to select the wavelengths. Conceptually, the polarization mode dispersion 
determination in accordance with the invention is more understandable when it is described using two 

25 sequential light beams, but a broad spectrum light source can be used to simultaneously illuminate the DUT 
30 with light having a broad spectrum of wavelengths and a monochrometer can be used anywhere in the 
measurement chain to select the wavelength to be measured by the polarization meter 10. 

The polarization synthesizer 50 is preferably automated to sequentially insert three different polarizers 
50a, 50b, and 50c into the path of the light beam generated by the optical source 40 to produce three 

30 sequential states of polarization of the light beam t. Conveniently, the polarizers 50a, 50b, and 50c 
preferably transmit linear polarization states, but, alternatively, they can be selected to transmit elliptical 
states of polarization. Other polarization generators can also be used, including a variable or rotatable 
waveplate. 

As shown in Fig. 7, the portion of the light beam At transmitted by the optical DUT 30 shown in Rg. 6 

35 enters the optical polarization meter 10 through a single-mode optical fiber 11, which provides spatial 
filtering of the beam. A method for calibrating to correct for the distortion of the polarization state caused by 
the input optical fiber 11 by using no more than two reference light beams of known polarization is 
described in copending U. S. Patent Application Series Code/Serial No. 07/755,931 filed on September 6, 
1991, and assigned to the same assignee as this application, the disclosure of which is hereby incorporated 

40 by reference in its entirety. 

The optical polarization meter 1 0 can operate in the range of wavelengths over which the input optical 
fiber 11 supports a single mode of propagation. For example, a standard long-haul telecommunications fiber 
manufactured by Corning Glass for 1 .3-micron transmission can support a single propagation mode over the 
wavelength range of 1 .2 - 1 .6 micrometers. 

45 The light beam At proceeds into a focusing concave mirror 12 sectioned into independently movable 
quadrants 12a, 12b, 12c, and 12d. The efficiency and accuracy of the optical polarization meter 10 are 
enhanced by the spatial filtering function of the input optical fiber 11 which ensures that the light beam At 
is repeatably distributed among the quadrants 12a - 12d. The focusing concave mirror 12 splits the beam 
into four separate beams, as shown in Rg. 7. The four beams are sufficiently separated to allow different 

so optical elements to be placed in their path. The beams are denoted by "Ala," "Alb," "Ate," and "Aid." 

The beam labelled "Alb" passes through a linear polarizer 14 having a horizontal polarization axis. 
Beam "ALc n passes through a linear polarizer 15 having a polarization axis oriented at a 45-degree angle 
about the optical axis relative to the linear polarizer 14. Beam "Aid" passes through a quarter-wave plate 
17, and then through a linear polarizer 16 that is oriented in the same direction as the linear polarizer 15; 

55 this combination is a circular polarizer. Rnally, beam "At a" has no optical elements in its path. 

The four beams "At a" - "Aid" impinge on a respective photodetector 18, 19, 20, or 21 and are 
substantially absorbed. Each photodetector 18-21 produces an electrical signal that is proportional to the 
intensity of the optical energy absorbed. The photodetector 18 produces a signal of amplitude T, 

5 
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producel'a stand c%ZLH ^ "/ ph ° tOdeteCt0r 20 P roduces a -8"- * and photodetector 21 
produces a signal C. The measurement frequency of the optical polarization meter 10 is limited onlv bv the 
frequency response of the photodetectors 18-21. which can easily exceed 1 GHz * * 

s h^m 3 ^ • U3drant : 12d ° f thS f ° CUSing C ° nCave mirror 12 is ad i uste ^ to focus the portion of the light 
elements lTTL°iI 2° *" TT* 9 P hot ° detector 1 8 - 21 either directly or through me optica 
12d TZZt LI I l may ThS adjustment ^^hanism for the quadrant mirror sections 12a - 
12d* not shown smce ,t can be constructed readily by persons of skill in the field of the invention 

an alaL t^'S T 8nate P re *?° ad by the P hotodete «^ « - 21 are routed to a microprocessor 27 having 
an ana.og-to-d.g,tal converter circuit The amplitude of the electrical signals produced by the photodetectors 

Z'^ n ourTZTT e T% St ° kes Parameters of the portio " of the ^ bea ™*< fr-smtd by 

tosTon th. '* ^ ° r PUrP ° SeS ° f thiS descri P ti0 ". definition of the Stokes parameters is 

4th ?Hi«on T w J , - kno ^" treat ' se P^c/p/es or Opffcs. by M. Born and E. Wolf (Pergamon Pris 

tnn i ° ■ h U 970 ' Pa9eS 30 ' 32) " These P«*wtor. are denoted by the symbols "so "J " 

,5 laments iT T^anfL" 'V" * b ~ d 0 " the ^ -"figurat-of ti^e' optica, 

elements 14 -17 and the .ntensrt.es measured by the photodetectors 18 - 21, determines the state of 

^ TsTZ^XtlT ^ Tt l° TT* Si9na ' S T " * F ' ™ d C Pr ° duced * *• P™deTecto^ %°! 
£\ are related to the Stokes parameters by the expressions: 



20 



(3) 


So 


= T; 


(4) 


Si 


= 2H- T; 


(5) 


S2 


= 2F - T; 


(6) 


S 3 


= 2C-T. 



The Stokes parameter so is simply the total light intensity. The Stokes parameters si s, and s* are 



30 



degree of polarization is given by the expression 
(7) 
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^hi ^hY^ f C ^ ied OUt automatical, y by the microprocessor 27 shown in Fig. 7. 
any^c^tork F?r r Z' n9 polarization t m ° de dispersion in accordance with the invention applies to 
Session in ^o^nur^T Se5 0f J he f °" 0 ™ 9 descri P tion - determination of polarizatSn mode 
££S££. IS b .1 , f ^k'^ 9 - 6 W " be d6SCribed f0r me case entaili "9 measurements of 
pSZeS mstea^ XL^T 0U9h ° PtiCa ' DUT " Amatively, measurements of reflection can be 
rC^r 0n measurements by employing a beam sp.itter or directions couple, as 

a nd nIZL° f baC !!? r ° und 1 " in mj crowave networks where polarization is not an issue, and in optical devices 

vel'Ttnis clsf " kn ° Wn t0 Vary> Si9nalS C3n be re P resented 35 scala^tiTo 
rinon J ^ k" , ' t,me - ,nvar,ant devi ce or network is characterized by a complex frequency 

^EHr th?l re f ^ 7* frequency spectrum x <<"> t0 the out P ut s P ac ^m vM such S yS 
expf^S wh e r 9 a nf. and Ph T ° f ^ freQUenCy resp0nse Can be se^** *y ^ HW = s 
foTows ° * ^ rea ' fUnCti ° nS ° f * * Can be ex P anded in a T«tfor series about ^ as 



(7) 



55 
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where the derivatives of <>(«) are taken before being evaluated at o> 0 . For small variations from coo the 
following first order approximation holds: 

(8) H(<d) « a(co)exp[/^>(cc>o) + tTg(ii)-03o)], 

5 

where d<f>/da> is given the name group delay and replaced by the term r g . The group delay is sometimes 
referred to as the propagation delay because it is the time delay suffered by a pulse composed of 
frequency components near o>o as the pulse propagates through the device or network in question. Later 
use will be made of the special case when the input spectrum is constant over a range of frequencies, 
10 leading to x(a>) = x(a> + Aa>) and 

ri\(*>) O ( CO ) 

75 

Note that in devices and networks where time delay is the dominant mechanism of phase variation, the 
approximations of Equations (8) and (9) are valid even for large A«>. 

By way of further background, a useful, compact formalism for the treatment of polarization characteris- 

20 tics in optical systems was introduced by R. C. Jones during the years 1941-1956. See, Jones, R.C., "A 
new calculus for the treatment of optical systems. I. Description and discussion of the calculus, " J. Optical 
Soc. AM., 31, 1941, pages 488-493; "A new calculus for the treatment of optical systems. II. Proof of three 
general equivalence theorems," J. Optical Soc, Am., 31, 1941, pages 493-499; "A new calculus for the 
treatment of optical systems. III. The Sohncke theory of optical activity," J. Optical Soc. Am., 31, 1941, 

25 pages 500-503; "A new calculus for the treatment of optical systems. IV.," J. Optical Soc. Am., 32, 1942, 
pages 486-493; "A new calculus for the treatment of optical systems. V. A more general formulation and 
description of another calculus," J. Optica/ Soc. Am., 37, 1947, pages 107-110; "A new calculus for the 
treatment of optical systems. VI. Experimental determination of the matrix," J. Optical Soc. Am., 37, 1947, 
pages 110-112; "A new calculus for the treatment of optical systems. VII. Properties of the N-matrices," J. 

30 Optical Soc. Am., 38, 1948, pages 671-685; "A new calculus for the treatment of optical systems. VIII. 
Electromagnetic theory," J. Optical Soc. Am., 46, 1956, pages 126-131. A synopsis of the Jones calculus is 
presented in Chapter 4 of Kliger, D.S., Lewis, J.W., and Randall, C.E., Polarized light in optics and 
spectroscopy, Academic Press, San Diego, 1990. 

Generally, Jones derived an explicit expression for experimentally determining the forward transmission 

35 matrix M of an unknown, linear, time-invariant optical device (Jones, R.C., "A new calculus for the treatment 
of optical systems. VI. Experimental determination of the matrix," J. Optical Soc. Am., 37, 1947, pages 
110-112). This restriction precludes optical devices that generate new optical frequencies different from 
those of the incident light beam. 

Also, a Jones vector cannot be employed to represent a partially polarized field. However, this is not a 

40 practical limitation, since a light beam from an optical source can be completely polarized by a linear 
polarizer. 

Furthermore, a Jones matrix cannot represent a depolarizing optical DUT. However, depolarizing effects 
can be eliminated by using a quasi-monochromatic optical source with a sufficiently long coherence length. 
Subject to these constraints, the Jones calculus can express an input optical electric field by a one-by- 

45 two complex column field vector v which completely specifies the phase and state of polarization of a light 
beam, such as the light beam I shown in Fig. 6. The two complex elements of this vector represent the 
amplitudes and phases of the x and y components of the optical electric field, respectively. Measurement of 
the two optical phases is difficult because an optical interferometer is required; however, measurement of 
the relative phase between the x and y components is relatively easy. A Jones vector which contains only 

so relative phase information will be referred to as a truncated Jones vector v. v and v are related by an optical 
phase term, i.e., there exists an angle 6 such that 

(10) 

55 

= e ie v. 
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« odS out' the t ° P « Ca, ,^ T 30 ' is represented by a complex two-by-two matrix. The effect of 

an optical DUT on an input optical electric field is found by multiplying the field vector by the matrix 

Zs^ 7 ? t0 ° btain an OUtput °P tical e,ectric ™« sector which rep'resentT e 

transmitted portion of the light beam AX . K 

inrhlll^ tr « Ck ,° f fU " . Ph3Se ° f the ° PtiCaI fie ' d requires that a transmission matrix M be used, that 
mcludes the effects of any phase de.ay through the optical DUT 30. Again, measurement of M is difficult 
because ,t requires the use of an interferometer, while measurement of a truncated Jones matrix M which 
contains only re.at.ve phase information, is re.ative.y easy. As in the case of the Jones vectors !Te matrices 
M and M are related by an optical phase term: ^ 



(11) 



75 



M = e i9 M. 



20 



45 



50 



In general, the Jones matrix representing an optical device or network may be a function of the optical 
radian frequency . - = 2 , c /X. where c is the speed of light and X is the wavelength. As des^ed^e 
ollowmg Equafon (12). the frequency dependence of the Jones matrix of an optical device or network can 
V6Ct0r "** Chan98S 35 ° PtiCa ' iS V3ried — when^ntut JoZ 



(12) 



25 



55 



0- out (o>)=M(o>)^ and v ouc (o)=Af((o) v. 



K has been shown that for any network which exhibits no polarization dependent loss there exist two 
so input Jones vectors z, such that the output Jones vectors w k = MM* (for k JT 2) have no ° 
dependence to first order over a small range of optical frequency; See. C D. Poole and R E Wagne" 

ZT^W^S^Tn l ? P ° ,ari f ation dis P ersion in lo "9 singfe-mode fibers." E,ect. Lett.' 22, 1986.' 
pp. 1029 -1 030. The lack of first-order frequency dependence in w* is expressed as follows: 

35 (13) 

dw k m dM(oi) 



■z k = 0, 



o,?ncLl . J ■ ♦ throughout. When Equation (9) is satisfied. * and * are called the input 
principal states of polanzation, and w, and w 2 are called the output principal states of polarization The 
output pnncpal states of polarization are associated with two group delays r Ql and r 2 meanmo , that the 
absolute phases * k of the output principal states of polarization varywith LXT^^S^^l 
The input and output principal states of polarization are in general functions of the optical frequency The 

ess" 9roup de,ay difference tpmd = ki is a,s °- in 9enera1, a ^ - 

rf 2l emb r? °V, h t meth ° d in accordance w *h the invention for determining polarization mode 
£LT f . 30 18 ^ °" s***^™ ° f t^ '"Put optical electric field Jones vectors for 
three known states of polanzation at each of two wavelengths of the light beam t. performinq intensity 

fTetd j3 6n l 0n *! tn T md ^ ° f the " 9ht beam Al needed to derive the o^S^SSE 
30 from L ! !"* ° f the wave,en 9ths. and computing the Jones matrices for the optical du? 

ZlZlTnZ f« ° UtPUt ^ VeCt ° rS - Thereafter> the metnod of ^ invention determines the 
polanzation mode dispers.on in the optical DUT 30 from the computed Jones matrices. This provides an 
accurate determination of the polarization mode dispersion in the optical DUT 30. as well as min mTzes the 
number of actual measurements that must be performed, and. therefore, is rapid and con^nTent Tne 
polanzation mode dispersion determination method of the invention will now be described in more detail 
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One embodiment of the method in accordance with the invention determines the polarization mode 
dispersion in the transmission of the optical DUT 30 shown in Fig. 6 in response to three sequential known 
states of polarization of the light beam I at each of two wavelengths. The output of the optical source 40 is 
connected to the input of the polarization synthesizer 50 which is used to sequentially transform the state of 
s polarization of the beam of light generated by the optical source 40 at each of the two wavelengths to three 
sequential predetermined polarization states, for example, horizontal, 60-degree, and 120-degree linear 
polarization. The three states of polarization need not be of the same intensity. 

The output of the polarization synthesizer 50 is connected to the input of the optical DUT 30. The 
optical DUT 30 has an unknown transmission Jones matrix at each of the two wavelengths. As will be 
io shown, polarization mode dispersion in the optical DUT 30 can be determined from the Jones matrices 
once the matrices are determined. In accordance with the method of the invention, the unknown Jones 
matrices are computed from the measured responses (Stokes parameter measurements) of the optical DUT 
30 to the three sequential predetermined polarization states of the light beam I at each of the two 
wavelengths. 

75 Considered in more detail, one embodiment of the method for determining the polarization mode 
dispersion in the optical DUT 30 is shown in Fig. 8. As indicated above, the one embodiment of the method 
in accordance with the invention for determining polarization mode dispersion in the optical DUT 30 
employs Jones calculus. Use of Jones calculus to determine the polarization mode dispersion in the optical 
DUT 30 requires that the light beam Jt at each of the two wavelengths fed to the optical DUT be of a known 

20 state of polarization. Nevertheless, the optical source 40 can be any source of optical energy for generating 
a light beam I at each of the two wavelengths, and the beam of light generated by the optical source can 
have any polarization, including a beam which is not linearly polarized such as an elliptically polarized beam 
or an unpolarized beam. This is because the polarization synthesizer 50 assures that the light beam 
generated by the optical source 40 is of a known polarization state when the light beam I exits the 

25 polarization synthesizer. If, however, the optical source 40 generates linearly polarized light beams at each 
of the two wavelengths, selection of the optical source and the sequential settings of the polarization 
synthesizer 50 must be such that the polarization state of the beams generated by the optical source does 
not result in complete filtering (i.e., cancellation) of the beams by one of the settings of the polarization 
synthesizer. 

30 In accordance with the one embodiment of the method of the invention for determining polarization 
mode dispersion in the optical DUT 30, the polarization synthesizer 50 is sequentially set to three 
predetermined polarization settings so that the light beam Jt fed to the optical DUT at each of the two 
wavelengths has three predetermined polarization states at each wavelength, as indicated by the numeral 
60 shown in Fig. 8. For example, the polarization synthesizer 50 can be set to sequentially produce linear 

35 polarization states at 0*. 60°, and 120°. Because the polarization states are known, and because these 
polarization states are linear, three input optical electric field Jones vectors can be specified at each 
wavelength, as indicated by the step 60 shown in Fig. 8, namely: 



40 



(14) 



COS 0j 

sin 6 



ii. 



45 

where i = 1 , 2 corresponding to the two wavelengths, j = 1 , 2, 3 corresponding to the three sequential 
settings of the polarization synthesizer 50, and d ij$ is the angle corresponding to the polarization state at the 
present setting. 

The light beam I having the three sequential predetermined input states of polarization at each of the 
so two wavelengths is fed either through the atmosphere (open beam) or through the optical fiber 51 to the 
optical DUT 30, as indicated by the numeral 62 shown in Fig. 8. The optical DUT 30 affects the polarization 
state of the light beam t produced by each of the three sequential predetermined settings of the 
polarization synthesizer 50 at each of the two wavelengths. 

As mentioned above, polarization mode dispersion in the optical DUT 30 cannot be accurately 
55 determined using Jones calculus if the optical DUT is depolarizing. However, the effects of a depolarizing 
optical DUT 30 can be eliminated by using an optical source 40 having a very narrow spectral line width, 
that is, by using an optical source which is quasi-monochromatic with a sufficiently long coherence length, 
or, alternatively, an optical source 40 having a broad spectrum in combination with a monochrometer. 



9 



BNSDOCID: <EP 0553460A2 I > 



EP 0 553 460 A2 



70 



J5 



The polarization mode dispersion of the optical DUT 30 can be determined from the three seauential 

opS 'DVr'TZT J ° neS ^T 3 9iVe " bV EqUat, '° n (14 > - the threa -ea^rfd reZ^ofte 
optical DUT to the three sequential predetermined input states of polarization at each of the two 

:*::Tzx*z;*\ xh : t ? r nsmission *™* *» °p«- ™ 30 r rix 

states of he l.ght beam t produced by the polarization synthesizer 50 at each of the two wavelenoths 

b2m If * eacnTth" ^ *~ P ° ,ari2ati0n — <* ^^nT^Sh 

beam At at each of the two wavelengths sequentially exit the optical DUT 30 and are fed either ooen beam 

bZZZT^T t0 T T" P ° ,ariZati0n m6ter 1 °- AS indiCat6d * *° numerl. Tshown in 
8, the ophcal polanzaton meter 10 measures the Stokes parameters, as described earlier from which the 

tXttTJszzsr* ™* p ™ states ° f - * - %™ c ; z 

state?ofTe1a t ;t 0 b e am i0 A^ meter ^T^™ ** P— "«« ° f *• sequentia. polarization 

Soke, vUtnrl 9 ? T/i I ^! Ved by the ° ptiCa ' P° larizati °n meter and computes the corresponding 

Jonas H T C and F * T 17°'* 66 ^ * ThiS iS a ~°mp.ished by measuring the 

signals H, T. C. and F shown ,n Fig. 7 for each received polarization state of the light beam At at each of 
me two wavelengths. The Stokes vectors for the three sequentia. predetermined ?nput po.ariitit sSeJ 



20 



(15) 



25 







8 m 








< S ±33J 





1 
-1 
■1 
•1 



0 
2 
0 
0 



0 
0 
2 
0 









T ±3 




C ±J 




F. . 



30 



35 



40 



45 



50 



55 



T^anzaL oTZ ^t ° *!.*"? Wave,en9ths ' '> ' 2 - 3 corresponds to the three sequentia. states 
tSSSST^ ^JSL^Z t0 SeqUentia ' V****™™* se«ings of the polarization 

™^ ,l,9 ( . m f* ,s '"strument matrix of the optical polarization meter 10 specified by the 

EE££2TiJ*? f ^ 14 : 17> ^ * T> C ' 3nd F are the electrical si 9" als P^uced by the 
photodetectors 18 - 21. In practice, the instrument matrix may vary from that shown in Equation (15) as a 

i« T? - 6,ementS 14 * 17 and --en distribution ofthe light beam At among 

the photodetectors 18 - 21 and. therefore, must be determined 

nniw J « n r!LK a,CU K S }* empl °y ed to determine the polarization mode dispersion of the optical DUT 30 
The* method of r T 3ti T be , tWeen the * and y com P°"ents of the optica. e.ectric field afe prelent 
Lrtnn ° t f . the | , " vent,0 u n determining polarization mode dispersion recognizes that the Stokes 

TheSor? the ltakSl V L P ' k^ 0 " *» * * ™*™«* of L optica, e^ic field 

^nln« .' ? ° * ^ *" converted *> °*P* electric field Jones vectors for each of the three 

XSZS^SSSi Jf he polarization synthesizer 50 at each of the two wavelengths, as indicated by he 
07^55 931 aT tne de S iL aS ma ? SC M ed *° rementioned U - Patent Application Series Code/Serial No. 
LSI f ' ? atriX M can be computed, as indicated by the numeral 70 shown in Fiq 8 

as described ,n aforementioned U. S. Patent Application Series Code/Serial No. 07/755 931 

mosf a2Lr e ;r^LT eaSU f T entS Perf0rmed in the presence of noise and small systematic errors, the 
o^arizSon 2 eth o '°h °L T M Wi " reSU,t Whe " th9 sec ' uential Predetermined input states o* 
sTere Sst ea f to ll f ?° Wave,e " 9thS are 33 far as possib,e ona a "°ther on the Poincare 

sTn J J t t J ♦ Preferr6d Se ' eCti0n of the sequential input states of polarization, 

enint^rm f t0 9enerate Hnear Sta,es of Portion at any wavelength than itTs to generate 
SSL T" Z T n StateS ' the ^ StateS ° f P° lariza tion are preferably generated by «£E5 
S^Z^T int ° t K " 9ht ^ WhiCh " ePP-ximatelyUpolarized o/appnSmS 
'Sty eauTand -"f ra, " S ? P0WerS ° f *" three Sequential ^ «*»• polarization to be 

TSZSZS^^^ measurement. According.y. the linear polarizers 50a. 50b. and 50c 
I«.T*ir2 . f ' are preferab| y selecte d so that the three sequential predetermined 

^SSo^eZ^^ ^ ^ th ! ^ inPUt VeCt ° rS Wi " be ,ocated at 120-interva.sTn a 
great circle on the Poincare sphere, i.e., as far apart as possible. 
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A few techniques from linear algebra needed to understand the determination of potarization mode 
dispersion in the optical DUT 30 from the matrix M in accordance with one embodiment of the method of 
the invention will now be briefly described. Given an n-by-n matrix A, a nonzero vector b of dimension n is 
said to be an eigenvector of A corresponding to the eigenvalue c if 

5 

(16) cb = Ab. 

The eigenvalues c n of the matrix A are given by the roots of the characteristic equation det(A - cl) = 0, 
where I is the identity matrix of the same dimension as A. It is seen from the defining Equation (16) that the 

70 matrix A* = aA, where a is a complex constant, has eigenvalues ac. It can be shown that the Jones matrix 
representing any optical device or network which is not a perfect polarizer can be represented by a 
nonsingular complex two-by-two matrix, and that such a matrix has two (generally complex, not necessarily 
distinct) non-zero eigenvalues C\ and Cz . 

Now, to determine polarization mode dispersion in an optical device or network such as the optical DUT 

75 30 shown in Fig. 6, the tunable optical source 40 is connected to the input of the polarization synthesizer 50 
which is used to transform the state of polarization of the light beam generated by the optical source to 
three known states of polarization, for example, horizontal, 6f>degree, and 120-degree linear. The output of 
the polarization synthesizer 50 is directed to the input of the optical DUT 30 through the short length of 
single-mode optical fiber 51 which is assumed to introduce negligible polarization mode dispersion. 

20 The linear optical properties of the optical DUT 30 are represented by the Jones matrix M(a>). The 
output of the optical DUT 30 is directed to the polarization meter 10 through a short length of single-mode 
. optical fiber 52 which again is assumed to introduce negligible polarization mode dispersion. Alternatively, 
the optical DUT 30 can be placed between the polarization synthesizer 50 and the polarization meter 10, 
and the light exiting the synthesizer can be substantially collimated to propagate through the optical DUT 

25 and into the polarization meter without the need for optical fiber waveguides. 

At any given optical frequency o> n , the polarization synthesizer 50 produces three stimulus states of 
polarization, and the optical polarization meter 10 measures the corresponding three response states of 
polarization. Using the techniques described in the aforementioned U. S. Patent Application Series 
Code/Serial No. 07/755,931 , the truncated Jones matrix M(o> n ) is determined based on these measurements 

3D at each of the two wavelengths. 

Consequently, having determined the matrix M at the step 70 shown in Fig. 8, the polarization mode 
dispersion in the optical DUT 30 can be determined, as indicated by the numeral 72 shown in Fig. 8, as 
follows. 

It is possible to generalize the concept of the principal states of polarization to include optical devices 
35 and networks which exhibit polarization dependent transmission, i.e., in which the optical power transmitted 
through the devices or networks is dependent on the input state of polarization. In the case of polarization 
independent transmission, the output principal states of polarization are represented by the Jones vectors 
w k = M(<c>) Zfc (for k = 1, 2) which exhibit no frequency dependence to first order over a small range of 
optical frequency. In the more general case of optical devices and networks with polarization dependent 
40 loss or gain, a pair of input Jones vectors z, and Z2 are applied which, after transmission through the 
network, produce output Jones vectors w k = M(a>) z* (for k = 1 , 2) whose directions have no frequency 
dependence to first order over a small range of optical frequency. (A family of vectors in the same direction 
are all identical within a multiplicative constant.) z* and w k are then the generalized input and output 
principal states of polarization, which again are functions of the optical frequency. 
45 The lack of change in the output Jones vector direction over a small frequency range A« is expressed 
by the following equation: 

(17) 

WV(C0+A0>) = —. — ^- ( CO ) fOX Zju(G)+ACO) = zAv>) , 

a (cd) 

where the field transmission amplitude a(co) is a real function of w which accounts for the variation in 
55 transmission which can arise when the network exhibits polarization dependent loss or gain. 

The generalized principal states of polarization described by Equation (17) are again associated with 
two group velocities t q>1 and T flt2 , i.e., the absolute phases <f> k of the output principal states of polarization 
vary with frequency such that d<f> k /d« = T g>k . 
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In order to add absolute phase information to Equation (17), a phase term must be incorporated to 
describe how the optical phase of the output principal state w k varies with frequency. By definition of the 
group delay, this variation is given by expt i r fl . k („ - to first order. In terms of the full Jones vectors w k 
Equation (17) can then be rewritten as: 

5 

(18) 

The similarity between Equation (18) and Equation (9) is apparent, the only difference being that Equation 
(18) describes the behavior of two output principal state Jones vectors, each of which propagates through 
J5 the network with group delay r g>1 or T g>2 . a l, " ou 9 n 

Equation (18) can be combined with the input-output relation 

*k - 

to obtain 

(19) 



30 

A new pair of matrices is now defined: 
(20) 

35 

Of 



M (g>,aco) =M 1 (ci>)iV(o)+ag>) and Af'(cD,AG>> = AT 1 (c>) Af(co+AG> ) 
Premultiplying Equation (19) by M" 1 ^) then yields: 



40 

(21) 

45 



a (a> ) x 



MV, A«) z^) is related to M'(«, A*,) *(«) by a phase factor 0 which is a function of both » and A* so 
Equation (21) can be written as: 



50 

(22) 



55 



a (co) ~ * v ' 
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By comparison with Equation (16), it is observed that the input principal states of polarization z^c*) are 
eigenvectors of M'(<*, Aw) associated with the eigenvalues c k given by: 



(23) 



* o(o>) 



70 



75 



Any complex number x can be written in the form x = a e' b , where a and b are real numbers and b is 
defined to be the argument of x, i.e., Arg[x] = b. Finally, the polarization mode dispersion group delay 
difference t pmd = |t Qi1 - 7 g , 2 | can be expressed in terms of A&> and the arguments of the eigenvalues of M'- 
(o, A«) as follows: 

(24) 

\Axg[c x ] - Arg[c 2 ] | 



T 



PHD ~ l T ^l X ff,2 



20 ™" ' ACl > 



as indicated by the numeral 72 shown in Fig. 8. 

25 When using the method of this invention to measure the polarization mode dispersion in an optical 
device or network such as the optical DUT 30 shown in Fig. 6, the apparatus described in Fig. 6 is used to 
measure the Jones matrix M'(«) of the optical DUT at a series of at least two optical frequencies « ni n = 1 , 
2, ... N. In the optical frequency range of *> n to o> n+1 , the generalized input principal states of polarization are 
given by the eigenvectors of M\c* n , <o n+1 - <*> n ), and the polarization dispersion mode group delay difference 

30 is given by Equation (24), where c k are the eigenvalues of the same matrix. If N is greater than two, then 
the principal states of polarization and group delay differences are found for each successive optical 
frequency interval, so the frequency dependence of both the input and output principal states of polarization 
and the frequency dependence of the group delay difference can be found in a straightforward manner. As 
the Jones matrix for each frequency is found as part of the measurement process, the output principal 

35 states of polarization are simply found to be w M = M(« n ) Zk t „ . 

Polarization mode dispersion can be determined based on reflection measurements instead of transmis- 
sion measurements using the instrument shown in Fig. 9. Elements 9\ 10\ 30', 51 \ and 52' shown in Fig. 9 
correspond to the elements 9, 10, 30, 51, and 52, respectively, shown in Fig. 6. The only difference is that 
the light beam X is fed to the optical DUT 30' by a directional optical coupler 1 00, and the portion of the 

40 beam Al fed to the optical polarization meter 10' is a reflected beam, rather than a beam transmitted by 
the optical DUT 30 to the optical polarization meter 1 0, as shown in Fig. 6. Consequently, both transmission 
and reflection measurements are considered to be within the scope of the method for determining 
polarization mode dispersion in accordance with the invention. 

In summary, the polarization mode dispersion in the optical DUT 30 or 30' can be determined as shown 

45 in Fig. 8. In each case, the matrix NT is determined. 

Finally, in certain measurement topologies, many devices and/or networks exhibiting polarization mode 
dispersion may have been concatenated to form a chain. It may be desired to measure the polarization 
mode dispersion of a particular optical device or network alone, without interference of the polarization 
mode dispersion in the other devices or networks in the chain. It will now be shown how this can be 

so accomplished by using the method of this invention. 

Fig. 1 0 shows a chain of three dispersive optical devices or networks DUT A, DUT B, and DUT C. The 
dashed arrows indicate the Jones matrices associated with the indicated paths. Matrix D represents the 
polarization transformation through DUT A and DUT B and into a directional coupler 100\ Matrix E 
represents the polarization transformation through DUT C (the optical device or network of interest) to 

55 connection 2. Matrices F and G represent transformations through connections 1 and 2, respectively. 

To find the polarization mode dispersion of DUT C, the Jones matrix through the chain must be 
determined from some signal insertion point to points immediately before and after DUT C. The Jones 
matrices must be determined at each of at least two optical wavelengths, and exactly two frequencies a>i 
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10 



and a* will be considered in this example for simplicity. The system is initially configured so that 
connection 1 is effected, and then the matrix product FD is determined at the two optical wavelengths. The 
system is then configured so that connection 2 is effected, and then the matrix product GED is determined 
at the same two wavelengths. It is assumed that the polarization mode dispersion associated with the 
connecting optical fibers (e.g., in F and G) is negligible compared to the polarization mode dispersion in 
DUT C. This assumption implies that F( W1 ) « F(« 2 ) and G(a>0 = G(«>2). 

Consider the following product of the measured matrices and their inverses: 

(25) [FD(^)r 1 [FD(< yi )][GE(c,,0O(« 1 )rUGE(a> 2 )D(^)] = Dr^E^fa )E(un)D{u> 2 ) = M". 

Given a nonsingular matrix R, the matrix Q' = R" 1 Q R is said to be similar to Q. It can be shown that similar 
matrices have the same eigenvalues. Letting D(<^) take the place of R, it can be seen from Equation (25) 
that M" is similar to NT = E- 1 («>i) E(*> 2 ). Using A« = « 2 - «, in Equation (24) with the eigenvalues c k of 
M", r PMC> is obtained for DUT C alone, independent of the dispersive effects of other elements in the chain. 

75 To isolate the dispersive effects of one element in a chain, it is sufficient to measure at two wavelengths 
the Jones matrices from some signal insertion point to a point immediately before the element of interest, 
and from the same insertion point to a point immediately after the element of interest. Denoting the two 
optical frequencies by the subscripts 7 and 2, the Jones matrices from the polarization synthesizer 50' to 
the point immediately before the element of interest can be named Bi and B2, and the Jones matrices from 

20 the polarization synthesizer to the point immediately after the element of interest can be named A, and A2. 
The value of r PMD associated with the isolated element of interest can then be found from Equation (24) 
where c k are the eigenvalues of WT = B2" 1 Bi Ai — 1 A2. 

In summary, polarization mode dispersion can be determined based on transmission through an optical 
device or network under test, as shown in Fig. 6. Also, polarization mode dispersion in reflection from an 

25 optical device or network can be measured by using a beamsplitter or directional coupler to split off part of 
the reflected signal for analysis, as shown in Fig. 9. The computation of these polarization mode dispersion 
determinations can be performed by the microprocessor 27 shown in Fig. 2. 

The foregoing description is offered primarily for purposes of illustration. While a variety of embodi- 
ments of a method and apparatus for measuring polarization mode dispersion in an optical device under 

30 test have been disclosed, it will be readily apparent to those skilled in the art that numerous other 
modifications and variations not mentioned above can still be made without departing from the spirit and 
scope of the invention as claimed below. For example, the focusing concave mirror 12 shown in Fig. 7 can 
be replaced by a beam splitter and associated collimating and focusing lenses. Although a preferred 
embodiment of a polarization meter is shown, any of a variety of polarization measuring devices can be 

35 used to measure the Stokes parameters from which the Jones matrices can be determined. Accordingly, 
the method and apparatus for determining polarization mode dispersion in accordance with the invention are 
not limited to the specific polarization measuring device described herein. Furthermore, measurement of 
reflection characteristics can be performed by employing a beam splitter instead of the directional optical 
coupler 100 or 100' shown in Figs. 9 and 10, respectively. Accordingly, the scope of the invention can only 
40 be ascertained by reference to the appended claims. 

Claims 



1. An instrument for determining polarization mode dispersion in an optical network, the instrument 
45 comprising: 

polarized optical source means for sequentially generating three predetermined states of polariza- 
tion of a light beam at each of at least two wavelengths and impinging the light beam having each of 
the three predetermined polarization states at each wavelength on the optical network; 

optical polarization measurement means responsive to a portion of each of the' three polarization 
so states of the light beam at each wavelength that is one of a) transmitted by and b) reflected from the 
optical network for measuring the polarization states produced by the effect of the optical network on 
each of the three predetermined polarization states of the beam at each wavelength; and 

means for computing polarization mode dispersion from the measured polarization states produced 
by the effect of the optical network on each of the three predetermined polarization states of the beam 
55 at each wavelength. 

2. The instrument as in claim 1 wherein the polarized optical source means comprises an optica! source 
for generating a beam of light at each of the at least two wavelengths, the optical source having an 
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output and a polarization synthesizer having an input connected to the output of the optical source, the 
polarization synthesizer comprising optical elements for producing the three predetermined states of 
polarization of the light beam at each wavelength in response to the beam of light received from the 
optical source. 

The instrument as in claim 2 wherein the optical elements of the polarization synthesizer comprise a 
zero-degree linear polarizer, a 60-degree linear polarizer, and a 120-degree linear polarizer sequentially 
inserted into a path of the beam of light received from the optical source. 

An instrument for determining polarization mode dispersion in an optical network, the instrument 
comprising: 

polarized optical source means for sequentially generating three predetermined states of polariza- 
tion of a light beam at each of at least two wavelengths and impinging the light beam having each of 
the three predetermined polarization states at each wavelength on the optical network; 

optical polarization measurement means responsive to a portion of each of the three predetermined 
polarization states of the light beam at each wavelength that is one of a) transmitted by and b) reflected 
from the optical network for measuring the polarization states produced by the effect of the optical 
network on each of the three predetermined polarization states of the beam at each wavelength, the 
optical polarization measurement means comprising: 

an optical spatial filter which receives and filters each of the three predetermined polarization states 
of the light beam having an optical axis at each wavelength, such that the intensity distribution of the 
filtered beam is substantially uniform about the axis of the beam; 

means for splitting the filtered light beam into four partial beams; 

a first optical element located in the path of a first one of the partial beams and imparting a first 
polarization thereto; 

a second optical element located in the path of a second one of the partial beams and imparting a 
second polarization thereto; 

a third optical element located in the path of a third one of the partial beams and imparting a third 
polarization thereto; 

four photodetectors, each photodetector receiving a different one of the four partial beams and 
providing a signal indicative of the intensity of that partial beam; and 

means for computing the polarization of the incident beam of light from the signals provided by the 
photodetectors; and 

means for computing polarization mode dispersion from the measured polarization states produced 
by the effect of the optical network on each of the three predetermined polarization states of the beam 
at each wavelength. 

The instrument as in claim 4 wherein the polarized optical source means comprises an optical source 
for generating a beam of light at each of the at least two wavelengths, the optical source having an 
output, and a polarization synthesizer having an input connected to the output of the optical source, the 
polarization synthesizer comprising optical elements for producing the three predetermined states of 
polarization of the light beam at each wavelength in response to the beam of light received from the 
optical source. 

The instrument as in claim 5 wherein the optical elements of the polarization synthesizer comprise a 
zero-degree linear polarizer, a 60-degree linear polarizer, and a 120-degree linear polarizer sequentially 
inserted into a path of the beam of light received from the optical source. 

A method for determining polarization mode dispersion based on one of transmission and reflection 
responses of an optical device under test, comprising: 

producing a polarized light beam having three sequential predetermined states of polarization at 
each of at least two wavelengths, corresponding to three input optical electric field Jones vectors at 
each wavelength; 

impinging the light beam on the optical device under test; 

measuring one of the a) transmission and b) reflection responses of the optical device under test to 
the light beam for each of the three sequential predetermined polarization states at each wavelength by 
splitting the light beam to be measured into four beams, passing three of the beams through optical 
elements, and measuring the intensities of all four beams; 
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calculating Stokes parameters from the results of the intensity measurements; 
converting the Stokes parameters to output optical electric field Jones vectors; 
computing a Jones matrix to within a complex constant for the optical device under test from the 
Jones input and output vectors at each wavelength; and 

computing the polarization mode dispersion in the optical device under test in relative terms from 
the matrices. 
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© An instrument includes a polarized optical 
source for producing three sequential predetermined 
states of polarization of a light beam at each of at 
least two wavelengths, as well as an optical polariza- 
tion meter for measuring the polarization of a portion 
of the light beam at each wavelength transmitted by 
or reflected from an optical network by splitting it 
into four beams, passing three of the beams through 
optical elements, measuring the transmitted intensity 
of all four beams, and calculating Stokes parameters. 

LIGHT SOURCE 



QUARTER-WAVE [ 
PLATE 



«3+ 



"7 



POLARfSER 2 



OPTICAL 
DELAY LINE 



POLARJSER 1 



The three sequential predetermined states of po- 
larization at each wavelength yield three correspond- 
ing Jones input vectors at each wavelength, and the 
Stokes parameters for the responses of the optical 
network are converted to three Jones output vectors 
at each wavelength. A Jones matrix for the optical 
network to within a complex constant is then com- 
puted from the Jones input and output vectors at 
each wavelength. Polarization mode dispersion in the 
optical network is determined from these matrices. 
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